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ABSTRACT 
 
We discuss here recent results from several research programmes related to dynamic aspects 
and vibrations induced by high speed railway traffic, developed at the computational 
mechanics group, within the “Escuela de Ingenieros de Caminos” of the Technical University 
of Madrid. The first part of this work concerns the dynamic response of railway bridges and 
structures under high speed traffic. The study of vertical dynamic effects in bridges has lead 
recently to improved understanding and practical design concepts, embodied in the new 
engineering codes [1,2,3,4,5]. Some special and seldom considered features of the dynamic 
response are also discussed. In the second part we present some results for lateral dynamic 
effects. These have not been so widely studied as the vertical vibrations, however they may 
pose significant problems for bridges. Finally, in the third part we discuss recent results of 
ongoing research for the mechanical response of slab track and ballast track, focusing on the 
vertical vibration of the track and the associated dynamic traffic loads. 
 
 
1. VERTICAL VIBRATION OF BRIDGES 
 
1.1 Moving loads and interaction models 
 
Dynamic analysis may be carried out by direct application of moving loads, with each axle 
represented by a load Fi travelling at the train speed v (Figure 1). This may be performed by 
finite element or similar programs, commercial or academic [6], [7]. The main specific feature 
which is necessary in practice is a facility for definition of load histories [8]. Dynamic 
calculation is generally carried out taking advantage of modal analysis, which reduces greatly 
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the degrees of freedom to be integrated. A direct integration of the complete model is also 
possible, albeit very costly for large three-dimensional models. 
 
 
Figure 1. Load model for a train of moving loads 
 
In principle, each response magnitude to be checked should be evaluated independently in the 
dynamic analysis; however, this may not be practical for engineering calculations. A common 
simplification is to perform a dynamic calculation to compute a single overall impact factor 
measuring a characteristic magnitude E, such as the displacement at mid-span. This factor is 
later assumed to apply for all the response magnitudes to be checked. In such way, a real 
impact factor may be computed from the dynamic analysis [1]: 71LMsta,realdyn,real / EE=Φ . 
Although not totally rigorous, the dynamic analysis of a characteristic displacement (e.g. 
vertical displacement at mid-span) is often taken as representative of dynamic effects for other 
design variables such as section forces, stresses, etc. This assumption will be discussed below 
with more detail in section 1.4. 
 
It is important to consider also ELS dynamic limits [3], [9] (maximum acceleration, rotations 
and deflections, etc.), which are often the most critical design issues in practice. Accelerations 
must be independently obtained in the dynamic analysis. In the example shown in Figure 2 
both maximum displacements and accelerations are obtained independently and checked 
against their nominal (LM71) or limit values respectively. 
 
 
1.2 Dynamic analysis with bridge-train interaction 
 
The consideration of the vibration of the vehicles with respect to the bridge deck allows for a 
more realistic representation of the dynamic overall behaviour. The train is no longer 
represented by moving loads of fixed value, but rather by masses, bodies and springs which 
represent wheels, bogies and coaches. A general model for a conventional coach on two bogies 
should include the stiffness and damping (Kp, cp) of the primary suspension of each axle, the 
secondary suspension of bogies (Ks, cs), the unsprung mass of wheels (Mw), the bogies (Mb, Jb), 
and the vehicle body (M, J). Further details of these models are described in [10], incorporating 
a number of applications and recommendations for analysis. 
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Figure 2. Calculations for simply supported bridge from ERRI D214 (2002) (L=15 m, f0=5 
Hz, ρ=15000 kg/m, δLM71=11 mm), with TALGO AV2 train, for non-resonant (360 
km/h, top) and resonant (236.5 km/h, bottom) speeds, considering dynamic analysis 
with moving loads and with train-bridge interaction. Note that the response at the 
higher speed (360 km/h) is considerably smaller than for the critical speed of 236.5 
km/h. The graphs at left show displacements, comparing with the quasi-static 
response of the real train and the LM71 model, and those at right accelerations, 
compared with the limit of 3.5 m/s2 proposed in [3] 
 
An application of dynamic calculations using moving loads and simplified interaction models 
is shown in Figure 2. A considerable reduction of vibration is obtained in short span bridges 
under resonance by using interaction models. This may be explained considering that part of 
the energy from the vibration is be transmitted from the bridge to the vehicles. However, only a 
modest reduction is obtained for non-resonant speeds. Furthermore, in longer spans or in 
continuous deck bridges the advantage gained by employing interaction models will generally 
be very small. This is exemplified in Figure 3, showing results of sweeps of dynamic 
calculations for three bridges of different spans. As a consequence it is not generally 
considered necessary to perform dynamic analysis with interaction for design purposes. 
 
1.3 Short span bridges 
 
Resonance may be much larger for short span bridges. As a representative example, Figure 3 
shows the normalised displacement response envelopes obtained for ICE2 train in a velocity 
sweep between 120 and 420 km/h at intervals of 5 km/h. Calculations are performed for three 
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different bridges, from short to moderate lengths (20 m, 30 m and 40 m). The maximum 
response obtained for the short length bridge is many times larger that the other. The physical 
reason is that for bridges longer than coach length at any given time several axles or bogies 
will be on the bridge with different phases, thus cancelling effects and impeding a clear 
resonance. We also remark that for lower speeds in all three cases the response is 
approximately 2.5 times lower than that of the much heavier nominal train LM71. Resonance 
increases this response by a factor of 5, thus surpassing by a factor of 2 the LM71 response. 
 
 
Figure 3. Normalised envelope of dynamic effects (displacement) for ICE2 high-speed train 
between 120 and 420 km/h on simply supported bridges of different spans (L=20 m, 
f0=4 Hz, ρ=20000 kg/m, δLM71=11.79 mm, L=30 m, f0=3 Hz, ρ=25000 kg/m, δLM71=15.07 mm and L=40 m, f0=3 Hz, ρ=30000 kg/m, δLM71=11.81 mm). Dashed 
lines represent analysis with moving loads, solid lines with symbols models with 
interaction. Damping is ζ=2% in all cases 
 
 
1.4 Evaluation of displacements and other dynamic response magnitudes 
 
In some situations specific dynamic response magnitudes other than displacements are required 
directly from the analysis model. This situation arises when a more precise evaluation is 
required than what would be obtained by using an overall factor Φreal (as defined in section 1.1) 
computed from a displacement response. Here we would like to call the attention to the fact 
that the model to be employed, for instance the number of modes considered in the integration, 
need not be the same for all cases. 
 
To illustrate this we develop a model problem, a sudden step load P at the centre of a simply 
supported span. A closed form solution may be obtained for the response of each mode, 
obtaining the total magnitude as sum of a series. For instance, the displacement and bending 
moments at x=L/2 are defined by the following expressions: 
Noise and Vibration on High-Speed Railways 5 
⎪⎪
⎪
⎭
⎪⎪
⎪
⎬
⎫
⎥⎥
⎥⎥
⎥⎥
⎦
⎤
⎢⎢
⎢⎢
⎢⎢
⎣
⎡
−
⎟⎟⎠
⎞
⎜⎜⎝
⎛
⎟⎠
⎞⎜⎝
⎛ −
−
−⎟⎠
⎞⎜⎝
⎛ −
−
−⎪⎩
⎪⎨⎧ −=⎟⎠
⎞⎜⎝
⎛
∑
∑
∞
=
−
−−
−
−−−
∞
=
−−
1
4
2
12122
12
122
1212
1
44
3
1212
)12(
1sin
1
1cos
)12(
12,
2
n
t
nn
n
n
nn
n
nne
n
t
t
t
nEI
PLtL
ως
ςω
ς
ςςω
πδ
 (1) 
 
⎪⎪
⎪
⎭
⎪⎪
⎪
⎬
⎫
⎥⎥
⎥⎥
⎥⎥
⎦
⎤
⎢⎢
⎢⎢
⎢⎢
⎣
⎡
−
⎟⎟⎠
⎞
⎜⎜⎝
⎛
⎟⎠
⎞⎜⎝
⎛ −
−
−⎟⎠
⎞⎜⎝
⎛ −
−
⎪⎩
⎪⎨
⎧ −⎥⎦
⎤⎢⎣
⎡
−−=⎟⎠
⎞⎜⎝
⎛
∑
∑
∞
=
−
−−
−
−−−
∞
=
−−
1
2
2
12122
12
122
1212
1
22
1212
)12(
1sin
1
1cos
)12(
12,
2
n
t
nn
n
n
nn
n
nne
n
t
t
t
n
PLtLM
ως
ςω
ς
ςςω
π
 (2) 
 
In the steady-state, taking the limit for ∞→t  we recover the static values as expected, 
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Similar developments may be obtained for shear forces, which are detailed in [11]. Results for 
a representative railway bridge are shown in Figure 4. One may see that for displacements at 
centre span only the first mode gives an excellent approximation. However, for the bending 
moment 10 modes must be considered for similar precision. 
 
6 Noise and Vibration on High-Speed Railways 
 
Figure 4. Response of simply supported bridge (L=20 m, f0=4 Hz, ρ=20000 kg/m) under step 
load P=20 kN, with damping ζ=10%. Results for displacement and for bending 
moment at centre of span as a function of the number of modes considered [11] 
 
 
1.5 Dynamic effects on continuous deck bridges 
 
We discuss next some recent results related to evaluation of dynamic effects for continuous 
beam bridges. It is known [12] that in comparative terms the vibration effects in such bridges 
from moving railway traffic are generally significantly smaller than for simply supported 
(isostatic) bridges. However, there has been some concern recently regarding the effects for 
continuous bridges of spans between 50 and 60 m. The application of dynamic factors 'ϕ  well 
established in railway applications and proposed in [13] in fact would predict amplifications 
reaching 1.20, for heavy freight trains at conventional speeds circa 100 km/h. Recently, in the 
context of the drafting of the new European Technical Specifications for interoperability for 
railway infrastructure [5] the point was brought up, as this effect would require the 
incorporation of a factor 21.1≥α to be applied to the LM71 and SW/0 load models. In 
particular, this coefficient would be required for the case of loads corresponding to E5 line 
category. These vehicles include 25 tons of mass per axle corresponding to a mass per unit 
length of 8.8 ton/m. 
 
A study was carried out in order to determine with a more detailed procedure the worst 
dynamic effects from dynamic vibration in these cases [14]. Several families of continuous 
beam bridges deemed to be representative of actual structures were considered. The finite 
element models included sufficient refinement for extracting not only displacements but also 
section forces such as negative moments at the supports. This required a high number of 
degrees of freedom to be included in the models for accuracy of results, as was discussed 
above in the previous section. The fundamental modes of vibration as well as a representative 
snapshot of the transient analysis is shown in Figure 5. 
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Figure 5. In the top row, the two first modes of vibration of a 2-span continuous railway 
bridge, span lengths of 40 m. It is the second mode which causes the greatest part of 
the section forces at the bridge over the central support, i.e. negative moments. 
Below is presented a snapshot during the simulation for a train of E5 wagons, 
showing that it is in fact predominantly this second mode which is being excited 
under the traffic loads 
 
We show in Figure 6 some representative results of this work. It may be seen that, even for the 
worst case scenarios of bridges and train speeds, the dynamic effects due to vibration remain 
moderate. In particular, these effects are covered sufficiently by a factor of 1.1=α , which is 
the value included in the final text of the TSI [5]. 
 
 
Figure 6. Results for the quasi-static (green) and dynamic (red) responses of 2 span 
continuous bridges, under traffic of E5 wagons at 100 km/h. The left graph shows 
the displacements at the centre of one span, the right graph the (negative) moments 
at the support section. This case corresponds to one of the most critical cases, for a 
bridge with 60 m spans and the E5 train travelling at 60 km/h, in which case the 
second mode is excited producing the largest moments at the support. It may be seen 
that even in this worst case scenario the dynamic effects are small 
 
 
1.6 Dynamic uplift 
 
We discuss finally some results and proposals for evaluating dynamic uplift effects. Some of 
these results have been the base of code provisions in the code IAPF-2007 [1].  
 
Under some circunstances dynamic uplift may be relevant from a structural point of view. A 
typical example is the verification of bridge piers in a continuous deck bridge, for which the 
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limiting case is the minimum vertical loads simultaneously with maximum horizontal loads 
(centrifugal and wind mainly). This aspect is not addressed directly in [2], where an unloaded 
train is proposed for these scenarios. The results shown here summarise those described with 
greater detail in [15]. 
 
As a result of interpreting the dynamic response as oscillations around a quasi-static state it is 
possible to obtain bounds for maxima and minima, computed from the said static response and 
the amplitude of oscillation. Figure 7 shows the vertical reaction in a pier between two (simply 
supported) spans in a real bridge (Tajo river), computed for two different models with the 
Eurostar train. Details of the structure and of analysis model may be found in [16]. The first 
case corresponds to a dynamic model, for a speed of 225 km/h which was shown to produce 
resonance, with a moving load model. The second case is a quasi-static low-speed model (20 
km/h), whose results are superposed on to the dynamic case. 
 
The results show that the dynamic vibration may be interpreted as a dynamic effect ±ΔEdin 
which is superposed on the quasi-static value, Esta. The maximum dynamic effects obtained 
would be Emax=Ssta+ΔEdyn, whereas the minima would result Emax=Ssta-ΔEdyn. The time 
instant in the figure for which the level Emin shown ceases to be a lower bound corresponds to 
a moment at which the train has already exited the first span, which then remains in free 
vibration. The minimum dynamic effects correspond to unloadings, that is upward reactions. 
Although these are significant, they would not effectively produce a lifting of the deck from the 
pier which would prescribe an anchorage, due to the permanent self-weight loads. However, 
their consideration may be necessary for some design features such as those governed by 
horizontal loads. 
 
A complete set of analyses of this type has been carried out for a set of simply supported and 
hyperestatic (continuous deck) bridges, reported in [16]. In Figure 8 a representative result is 
shown for a continuous deck viaduct with 17 spans over river Cabra. The case shown here is 
for the bending moment at the centre of the first span, produced by Eurostar train at 420 km/h. 
This result differs in several important aspects from the previous one. Firstly, although the 
speed selected is that for which maximum dynamic response was obtained, it does not 
correspond to a resonant scenario. (This is common in redundant bridges for which resonant 
peaks are not so pronounced or may not be significant, as numerous competing vibration 
modes take part in the response at a given point.) As a consequence, the dynamic response has 
a lower relative importance relative to the quasi-static response. In other words, the quasi-static 
part of the response represents a greater fraction of the total maximum or minimum dynamic 
response. Secondly, the result for the model with interaction is also shown here. In this case the 
result predicted by the model with interaction turns out to be greater than the one with moving 
loads. This is also due to the fact mentioned above that the situation is not dominated by 
resonance. 
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Figure 7. Time history of vertical reactions at a pier of Tajo river viaduct (simply supported 
spans), for Eurostar train at a speed of v=225 km/h (resonant speed) 
 
 
Figure 8. Time history of bending moment at the centre of the first span of the continuous 
deck viaduct over Cabra river, for Eurostar train at a speed of v=420 km/h (speed for 
maximum dynamic effects) 
 
 
2. LATERAL DYNAMIC VIBRATION IN RAILWAY BRIDGES DUE TO TRAFFIC 
 
2.1 Motivation: experimental evidence and ERRI D181 
 
The lateral forces and associated deformations in railway bridges under traffic loads is 
generally not considered as one of the main design issues in bridges. However, these effects 
have hampered the functionality of some bridges, and were the motivation for setting up an 
ERRI sub committee D181 which studied the issue by experimental measurements in bridges 
and associated calculations. This subcommittee finalized the report [17] with some 
recommendations which have subsequently been incorporated into the clauses of new codes for 
design of railway bridges: Eurocode EN1990-A1 [3], IAPF-2007 [1]. These clauses refer to 
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three aspects: the magnitude of lateral forces, minimum lateral stiffness of bridge decks and 
minimum value of frequency of lateral vibration of bridge decks. In summary, the 
recommendations incorporated into the codes prescribe lateral axle loads of 100 kN, and a 
minimum frequency of lateral vibration of deck spans of 1.2 Hz, in order to avoid resonance 
with railway vehicles. 
 
A number of viaducts in the new Spanish high speed railway lines have a low lateral stiffness 
for the global modes of deformation, which in principle could cause some concern for the 
lateral stability and ride comfort. They do not correspond to the cases studied by ERRI D181 
[17], as the decks are closed sections and possess a great lateral stiffness. However, lateral 
deformations at the rail centerline alignment are produced by eccentric loads on double track 
decks, which originate both bending of the piers and torsion of the deck. The effect of lateral 
bending of the deck itself is generally negligible, due to the higher bending stiffness of a full 
section slab or box. 
 
As a representative example we consider the “Arroyo las Piedras” viaduct (Figure 9), with 
several piers taller than 93 m and a total continuous length of the deck of 1209 m, within the 
new HSR line Córdoba-Málaga. This deck is a mixed steel-concrete structure with steel girders 
and concrete slab, with spans of 63,5 m.  The design is due to Millanes [18], and the viaduct 
has been put in operation with the opening of the line to commercial passenger traffic in dec 
2007 showing no important dynamic lateral vibration. In Figure 10 the first two modes of 
vibration are pictured, showing a frequency of 0.29 Hz for the first mode, considerably below 
the above mentioned requirement for lateral frequency. 
 
 
Figure 9. Viaduct “Arroyo las Piedras” for the HSR line Córdoba-Málaga, Spain (2007). 
Continuous deck of length 1209 m, spans of 63,5 m and piers taller than 94 m 
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Figure 10. Modes of vibration 1 (f_1=0.29 Hz) and 2 (f_2=0.37Hz) for viaduct “Arroyo las 
Piedras”. The lower modes correspond to lateral movement of the deck from 
bending of the piers 
 
A similar response in terms of lateral stiffness and vibration modes has been obtained in many 
other viaducts of similar characteristics in the new HSR lines. However, it must be considered 
that the modes of deformation involved are global modes of bending due to bending of the 
piers, with a wavelength of several spans and much longer than one railway car. The ERRI 
D181 report, Eurocode EN1990-A1 and IAPF requirements refer literally to “the first natural 
frequency of lateral vibration of a span”, which should be interpreted as the deformation of the 
deck assuming the supports at the ends of the span rigid. 
 
In order to attain resonance in the vehicles for global lateral deformation modes of long 
wavelengths it would be necessary for virtually all the vehicles, i.e. the complete train, to 
oscillate laterally in unison, which seems unlikely. More probably the lateral movements 
excited in each vehicle will be produced at random phases and cancel each out globally, at least 
to a certain extent. Finally, we also remark that the main concern in this case refers to the 
vibration of the vehicles and not to the limit states of the bridge which are generally not 
reached. 
 
The motivation of this work is to assess the lateral deformation of long, laterally flexible 
viaducts under traffic loads of HS trains and the associated vibration in the vehicles. The 
calculations include the main aspects which cause lateral vibration of the vehicles: 1) lateral 
displacements in the plane of the track due to deformation of the bridge under eccentric vertical 
traffic loads; 2) track alignment irregularities; 3) hunting oscillations from conicity of wheel-
rail contact. 
 
The analyses were carried out in two successive calculations. Firstly, the traffic loads were run 
for different trains at several speeds, and histories of displacements at the track axis were 
obtained. These histories allowed the generation of virtual paths for the axles of a given bogie. 
These virtual paths are computed as the lateral deformation experienced at a given axle as a 
function of the longitudinal coordinate of the same axle with the forward motion of the train. 
Following, these virtual paths were superposed to track alignment irregularities and hunting 
oscillations, and applied to dynamic models which represent the motion of each vehicle. The 
results obtained are histories of accelerations and displacements at selected locations, as well as 
histories of loads transmitted by vehicles to the structure. 
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The methodology outlined above defines the coupling between vehicle and bridge in a weak 
manner, as the ensuing dynamic lateral load histories are not fed back into the structural 
calculations. It was checked that the deformations of the bridge were small for the lateral loads 
experienced, and consequently the results could be taken as a valid approximation. Following a 
summary of the research is outlined, more details may be found in [19], [20]. 
 
 
2.2 Vehicle models 
 
Three vehicle types were considered in this work: passenger vehicles representative 
respectively of AVE S-103 train (Siemens ICE-3) and AVE S-100 train (Alstom), as well as 
the UIC freight wagon as defined in [17]. 
 
The AVE S103 vehicles are conventional cars with two bogies in each. The AVE S-100 
vehicles are articulated, sharing bogies between adjacent cars. Each bogie has two axles, 
connected to the bogie by the primary suspension; in turn, the bogies are connected to the car 
body by the secondary suspension. Finally, the UIC freight wagon has only one suspension 
system connecting the car body directly to the wheelsets. The mechanical parameters of the 
vehicle models are detailed in [19], [20]. In the case of the articulated AVE S-100 train the 
model needed to represent not only the central vehicle but an approximation of the adjacent 
ones connected to the end bogies as well, with half of the mass of each one. This was essential 
to model properly the bogies and restrain the yaw rotation. Due to this fact the vehicle model 
includes primary and secondary longitudinal suspensions also. These data are not included in 
the other vehicle models because their influence is not relevant. 
 
In the models, in terms of boundary conditions, only the reference points at the centre of each 
wheelset was constrained, in which rotations about the three axes and the longitudinal and 
vertical motions were restrained. Only lateral (z) movement is allowed at these points, to which 
will be applied given time histories of prescribed motion. The two wheelsets of each bogie are 
considered to move in parallel with the same time-history, however different input motions are 
applied to the two bogies. For this reason a single centre of mass was considered for the two 
wheelsets. These models were developed in the finite element program ABAQUS [21]. 
Although the main application of ABAQUS is structural analysis it also includes capabilities 
for multibody systems, allowing the different parts of the vehicles, such as the car body, the 
bogies and the wheelsets, to be taken as rigid bodies. As an example Figure 11 shows the 
model of the AVE S-100 vehicles. 
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Figure 11. AVE S-100 finite element vehicle model developed in ABAQUS [21]. Connection 
points in a bogie of the vehicle and referential axis of the suspensions or connector 
elements. Reference points for mass and inertia moments are marked in blue 
 
 
2.3 Actions considered 
 
For the dynamic analysis, three different actions responsible for lateral vibration of railway 
vehicles, when crossing a bridge, were considered: 1) lateral displacements in the plane of the 
track due to deformation of the bridge under eccentric vertical traffic loads, 2) track alignment 
irregularities and 3) hunting oscillations from conicity of wheel-rail contact.  
 
2.3.1 Bridge lateral displacements 
 
Lateral displacements in railway bridges from traffic loads result from eccentric vertical loads 
in bridges with double track deck. Two effects from these loads must be considered (Figure 
12): bending of supporting piers and torsion of the deck. 
 
θ
δ1
Support Midspan
δ1 δ2
 
Figure 12. Representation of lateral displacement of the deck due to bending of the piers δ1 
(support section) and deck torsion δ2 (midspan) 
 
In the following, for considering these displacements the concept termed here virtual path will 
be used. This is defined as a function )(xuz  representing the displacement of the track (lateral 
in this case, zu ) at a moving point which follows the train on its motion along the bridge. Note 
that the virtual path represents the bridge deformation due to train loads, in a structural 
dynamic model of the bridge, but not considering bridge-vehicle interaction. It may also be 
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represented as a displacement time-history curve, by a simple change of variables. This change 
represents the equivalence between time and train position, txv ⋅=  with appropriate choice 
of zero value of coordinates. Both scales are represented in the virtual paths of Figure 13. 
 
 
Figure 13. Representation of virtual paths due to the passage of the AVE S-100 and AVE S-103 
trains: (a) virtual path for an axle of  the train S-100 located 200.15 m from the head 
of the train, at 400 km/h; (b) virtual path for an axle of the S-103 train located 
336.06 m from the first axle of the train, at 400 km/h 
 
A virtual path was computed given for each axle/bogie of the train. In Figure 7 the virtual path 
for the selected axles of the S-100 and S-103 trains are shown, when crossing the “Arroyo las 
Piedras” viaduct at v = 400 km/h. Each virtual path was obtained at points every 10 cm along 
the deck. In the figures, the red line represents bending lateral displacements δ1 and the green 
line torsional displacements δ2. In blue the total lateral displacement from the two effects is 
shown. It may be clearly seen that the bending of piers produces a long wave motion (with 
wavelength equal to the length of the bridge), whereas the torsional deformations produce a 
shorter wave motion (with wavelength equal to the span). Furthermore, for some velocities 
dynamic amplification from vibration of the bridge is obtained. The bogies or axles have been 
selected to represent worst cases for torsional lateral deformations δ2, which proved to be the 
actions with a greater effect on vehicle lateral motion. 
 
2.3.2 Track alignment irregularities 
 
Railway track irregularities are normally due to wear and tear, clearances, subsidence, 
inadequate maintenance, etc. The rail irregularities are assumed to be stationary random and 
ergodic processes in space, with zero mean values. They are characterized by their respective 
one sided power spectral density functions, )(, ΩΦ AV , in which Ω  is the spatial frequency or 
wave number. In the present study, the power spectral density functions based on 
measurements performed in German railway tracks are adopted, following the empirical 
formula for alignment irregularities proposed by [22], as used by [23]: 
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where A, Ω c = 0.0206 rad/m and Ω r = 0.8246 rad/m define the actual data. Sample rail 
irregularity profiles were generated numerically. For this study, the value of A was assumed to 
be equal to 0.2119×10-6 rad·m which provided sample profiles with similar root mean-square 
values (standard deviation) to the alert limits proposed in [24]. Typical profiles generated are 
shown in Figure 14. 
 
 
Figure 14. Track alignment irregularities profiles for the different intervals of of wavelengths 
considered, as defined in [24]. (a) D1, (b) D2, (3) D3 and (4) D3x (with lower track 
quality). The dashed lines indicate the alert limits for standard deviation 
 
2.3.3 Action from lateral wheel-rail interface  
 
Due to the conicity of the geometry of rail-wheel contact, an oscillatory periodic lateral motion 
may develop. In this case we report the calculations based on the simplest model, which results 
in the most conservative evaluation. This is the case of the well known oscillatory Klingel 
motion (see e.g. [25]). We are currently developing more realistic models including wheel-rail 
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interface following linearised Kalker’s theory. The values adopted for the lateral movement (3 
mm) have been taken considering the maximum nominal values proposed in the European TSI 
[4]. 
 
 
2.4 Results 
 
The calculations were carried out with the actions defined above, by direct integration in time 
in the ABAQUS finite element program. As previously mentioned, the actions were applied to 
the models in the centre of the wheelsets of each bogie, with appropriately defined different 
actions on each bogie or axle of a given vehicle. This consideration is important in order to 
excite the yaw motion (rotation around vertical y axis) of the car body.  
 
From the analysis of the transfer functions of the vehicle models, it may be foreseen that the 
maximum dynamic response will be obtained for actions with higher frequencies of excitation. 
Thus, it was expected a higher vehicle dynamic response due to the combination of actions 
with irregularities profiles of short wavelength. This was what effectively happened in all the 
cases except for the UIC freight wagon. 
 
The results for the S-100 train vehicle model are presented in Figure 15, in which the lateral 
accelerations in the centre of gravity of the car body and the lateral reaction forces in the 
wheelsets of one bogie are presented.  Is possible to see that the accelerations are not high, 
being below the value of 1 m/s2, and the lateral reaction forces on the wheelsets are generally 
below 100 kN with some isolated peaks of around 200 kN. The results for the S-103 vehicle 
model are shown in Figure 16. These are clearly lower than those obtained for the S-100 
vehicle model. Accelerations are always below 0.5 m/ s2. 
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Figure 15. Lateral accelerations in the centre of gravity of the car body and lateral reaction 
forces in the wheelsets of one bogie of the S-100 vehicle model, considering for the 
combination of action a profile of irregularities with wavelengths within 3 m and 25 
m and a speed of 400km/h. In blue the response to only the virtual path (deformation 
of viaduct), the green curve includes also track irregularities and in red the previous 
plus hunting motion 
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Figure 16. Lateral accelerations in the centre of gravity of the car body and lateral reaction 
forces in the wheelsets of one bogie of the S-103 vehicle model, considering for the 
combination of action a profile of irregularities with wavelengths within 3 m and 25 
m and a speed of 400 km/h. In blue the response to only the virtual path 
(deformation of viaduct), the green curve includes also track irregularities and in red 
the previous plus hunting motion 
 
 
3. VIBRATIONS OF BALLAST AND SLAB TRACK 
 
3.1 Motivation and Scope of Project 
 
The main functions of the railway track are to provide guidance in a secure and economic way 
for the trains, and to support the loads transmitted to the ground or underlying structures. The 
ballast track provides a traditional technology, which has been experienced for many years. 
Recently more innovative technologies of slab track without ballast have been introduced and 
are being operated successfully, the main exponents being the Japan Shinkansen track and the 
German lines (Figure 17). Among the main advantages of the slab track are the much reduced 
maintenance, allowing a more efficient operation, and the greater geometric quality of the 
track. The main drawback is the greater investment cost, as the track requires very strict 
tolerances regarding deformation of the foundation. 
 
 
Figure 17. Rheda200 slab track 
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With the objective of assessing several aspects of the comparative mechanical behaviour of the 
slab and ballast tracks, we are currently developing a research project funded by the Spanish 
government, including the following objectives undertaken by different teams: 1) Structural 
behaviour of the track and its foundation, including geotechnical requirements, requirements 
for degradation and damage of the slab, and dynamic loads transmitted to the track (Technical 
University of Madrid); 2) Behaviour and requirements regarding interaction between the slab 
track and structures (Fundación de Caminos de Hierro); 3) Interaction between rail and 
vehicles (CEIT of S. Sebastián  and University of Basque Country); and 4) Transmission of 
noise vibrations through the foundation (Engineering faculty of University of Seville). A 
partial report with progress details of project is [26]. 
 
In the following we present some considerations regarding the models employed and some 
preliminary results. We shall focus exclusively on the dynamic loads resulting from vibrations 
in the structures and the vehicles, in consonance with the scope of this paper. The objective in 
this field is to determine for the track scenarios considered the dynamic loads transmitted by 
railway traffic, concentrating on high speed passenger traffic. The focus is on the vertical 
loads, neglecting in a first approximation the lateral forces. 
 
 
3.2 Models for vehicles and tracks 
 
The analysis is being carried out using two-dimensional models, which include the vehicle and 
the track, coupled with a Hertzian contact vertical interface. 
 
We first show the simplified models for vehicles which are being considered for evaluation of 
dynamic vertical loads on track structures, see Figure 18. A number of simplifying assumptions 
are included, taking into account that depending on the scenario often the full three-
dimensional multibody dynamic models are not required for vertical dynamics. Taking 
advantage of these simplifications, a complete set of sweeps regarding velocities, vehicle types, 
track configurations may be considered. 
 
 
  
Figure 18. Vehicle models considered for evaluation of vertical dynamic loads on track. In the 
top row, models for a quarter bogie and half vehicle. In the bottom row, models for 
axle vibration (high frequency response), quarter bogie vibration (high and mid 
frequency response), and eighth of vehicle response (high, mid and low frequencies) 
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Regarding models for the track, the two basic configurations for ballast track and slab track are 
shown schematically in Figure 19. The parameters for the ballast track correspond to the high 
performance track laid by Spanish railway infrastructure manager ADIF, in the new high speed 
lines such as Madrid-Barcelona and Córdoba-Málaga, intended for speeds of up to 350 km/h. 
Some basic characteristics regarding frequency response for the track are presented in 
Figure 20. 
 
 
Figure 19. Models employed for ballast track and slab track (Rheda2000) 
 
 
Figure 20. frequency response functions of track models (ballast at left, slab track at right) and 
most significant modes of ballast track: left sleepers on ballast, centre rail on pads, 
right pin-pin 
 
Following we show some representative results of validation runs with the above models. In 
Figure 21 we first show compared the results of the three basic simplified vertical vehicle 
models. It is concluded that the more appropriate one is the quarter vehicle model, with two 
degrees of freedom. Furthermore, on the right of the same figure we show the results of the 
effect of the two successive axles in a bogie. This result supports the consideration of models 
in which the action of each axle is taken separately, as the effect on the track is local and not 
influenced by the other axle. 
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Figure 21. Validation results of dynamic results of models on track. On the left the three 
vehicle models (half axle with 1 DOF in red, quarter bogie with 2 DOF in blue, 
eighth vehicle with 3 DOF in black dashed line) are compared. It is seen that the 
simplest 1 DOF model fails to show adequately the response, which is virtually 
identical between the 2 DOF and 3 DOF models. On the right such a model is 
employed for the two successive axles in a bogie, showing virtually no interaction 
and a purely local effect 
 
Due to lack of space we do not present here the full details of mechanical parameters of the 
models, which may be seen in [26]. The vehicle models are representative of current high 
speed trains in Spain (AVE S-100, S-101, S-102 and S-103). 
 
 
3.3 Track irregularities 
 
The vertical contact interface between wheel and rail has been modelled with a Hertz contact 
model. A key aspect for the evaluation of the dynamic loads is the consideration of track 
elevation irregularities, defined as random variables with the appropriate amplitude and 
wavelengths. A similar PSD function as defined above in section 2.3.2 for track alignment 
irregularities has been employed here for elevation. The more significant cases with regards to 
vertical dynamic loads are the very short wavelengths ( m]3,05.0[∈λ ) and the short 
wavelengths ( m]25,3[∈λ ), D1 interval. The amplitude was defined as the maximum that 
would trigger alarm limits as defined in [24], and consequently be limited by maintenance 
action. A representation of these profiles is shown in Figure 22. 
 
 
Figure 22. Track irregularity profiles for elevation. Left D1 wavelength and right very short 
wavelength 
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3.4 Results for ballast track 
 
As representative results, we present some preliminary calculations for ballast track, and the 
AVE S-103 vehicles (ICE3 train).  In Figure 23 we first show the results for dynamic models 
on a perfect track, i.e. with no irregularities. The interaction effect for dynamic loads is here 
only that of the vertical deformation of the rail considered as a beam on elastic supports. It is 
seen that the dynamic increment is small, with a maximum of around 3%. On the contrary, the 
irregularities with wavelengths in the D1 range show approximately 25% dynamic increase. 
The results for very short irregularities  ( m]3,05.0[∈λ ) are shown in Figure 24, it may be 
seen that the dynamic effect is significantly larger, reaching 60%. 
 
 
Figure 23. Amplification of vertical displacements at rail supports for perfect rail (left) and for  
distributed irregularities with short wavelength (at right, D1, m]25,3[∈λ ) 
 
 
Figure 24. Amplification of vertical displacements at rail supports for distributed irregularities 
with very short wavelength ( m]3,05.0[∈λ ). 
 
 
4. CONCLUDING REMARKS 
 
An overview of several recent research topics related to vibrations induced by high speed 
railway traffic has been presented. The topics dealing with vertical vibrations are relatively 
well known and the main design requirements are incorporated into the new engineering codes 
for railway structures and interoperability in Europe. However, some special aspects need to be 
considered such as vertical uplift and consideration of time-histories of section forces, which 
deserve careful consideration. 
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The lateral vibrations on structures induced by traffic or other actiosn is a topic which deserves 
more research attention, some relevant situations are not yet sufficiently understood. 
 
Finally, an important question is the comparative dynamic behaviour of ballast and slab track 
and the consequences for durability and life cycle. 
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